During submaximal cycling, children demonstrate a different distribution between muscular and non-muscular (gravitational and motion-dependent) forces when compared with adults. This is partly due to anthropometric differences. In this study, we tested the hypothesis that during maximum power cycling, children would construct the task (in terms of the distribution between muscular and non-muscular pedal power) similarly to adults. Eleven children (aged 8-9 years) and 13 adults (aged 20-40 years) performed a maximal isokinetic cycling task over 3 s at 115 r.p.m. Multivariate analyses of variance revealed no significant differences in normalized maximum, minimum and average positive non-muscular pedal power between children and adults (Wilksʼ λ=0.755, F 3,20 =2.17, P=0.124). Thus, maximum cycling is a developmental ʻself-scalingʼ task and age-related differences in muscular power production are not confounded by differences in anthropometry. This information is useful to researchers who wish to differentiate between muscular and non-muscular power when studying developmental motor control. In addition to the similarities in the distribution between muscular and non-muscular pedal power, we found age-related differences in the relative joint power contributions to total pedal power. In children, a significantly smaller proportion of total pedal power was generated at the ankle joint (6.1±5.4% for children and 12.6±3.2% for adults), whilst relatively more power was generated at the knee and hip joints. These results suggest that intermuscular coordination may be contributing to childrenʼs limits in maximum power production during multi-joint tasks.
INTRODUCTION
When acquiring motor skills, children gain the ability to apply the task-appropriate forces that cause the movement. During human movement, muscular forces have to be matched to non-muscular (gravitational and motion-dependent) forces to produce a resultant force that complies with the goal of the task (Kautz and Hull, 1993) . Non-muscular forces are directly related to segmental mass and inertia. As relative and absolute anthropometric characteristics change during childhood (Asmussen and Heebøll-Nielsen, 1955; Jensen, 1981; Jensen, 1986; Jensen, 1989) , observed age-related differences in the application of muscular forces might not necessarily represent immature features of the neuromotor system but could be functional adjustments to account for changes in anthropometry.
Several authors have reported age-related differences in muscular force and power production during submaximal cycling (Brown and Jensen, 2003; Brown and Jensen, 2006; Korff and Jensen, 2007; Korff and Jensen, 2008) . Brown and Jensen speculated that these differences were partly due to age-related differences in the anthropometry of the performer (Brown and Jensen, 2003) . The reason for this is that forces as measured at the pedals are composed of muscular and non-muscular (gravitational and motion-dependent) components (Kautz and Hull, 1993) , and non-muscular forces depend on the anthropometry of the performer. Thus, if the resultant (sum of muscular and non-muscular) force is the same, muscular adjustments might be necessary due to age-related anthropometrydriven differences in non-muscular forces.
Indeed, Brown and Jensen demonstrated that, during submaximal cycling, the distribution between muscular and non-muscular forces becomes more adult-like if mass is added to children's limbs (Brown and Jensen, 2006) . These findings were supported by Korff and Jensen, who used a biomechanical simulation to demonstrate that relative changes in anthropometric characteristics affect muscular power production (Korff and Jensen, 2008) . In related work on the development of neuromuscular power, Martin and colleagues reported that maximum cycling power of boys 8-11 years of age did not significantly differ from that of adults when power was normalized to lean thigh volume (Martin et al., 2000b) . These results suggest that if the external power output is not prescribed, children construct the task in a way that accounts for their different anthropometric characteristics. Therefore, maximal cycling may serve as a developmental 'self-scaling' task during which the relative non-muscular contribution to external power is similar in children and adults. If this was the case, any differences in intermuscular coordination that emerge from such an experiment would not be confounded by differences in the anthropometry of the performer and could be attributed to features of the neuromotor system. Therefore, the first purpose of this study was to compare nonmuscular pedal power between children and adults during maximal cycling. It was hypothesized that non-muscular power would not differ between children and adults when normalized to average pedal power.
The second purpose of this study was to test the assumption that, during maximal cycling, children would use similar coordination patterns in terms of average and peak joint power (normalized to average pedal power) production to those used by adults. During cycling, muscular power delivered to the pedal is composed of individual joint power contributions of the lower limb (i.e. ankle, knee and hip power) (Broker and Gregor, 1994) . Previously, we have shown that during submaximal cycling at high movement speeds, children demonstrate weaker intermuscular synergies in terms of joint power production and segmental energy flow when compared with adults (Korff and Jensen, 2007 ). Here, we tested the hypothesis that during maximal cycling, relative average joint power contributions to total pedal power as well as relative peak powers at the lower limb joints do not differ between children and adults.
MATERIALS AND METHODS Participants
Eleven active children (six males, five females, aged 8-9 years, 29.5±6.1 kg) and 13 adults [five males (74.6±1.6 kg), eight females (61.0±8.7 kg), aged 18-40 years] participated in the study. The adults were all recreational cyclists who regularly participated in group tour events. The children were all physically active (enrolled in physical education classes). They knew how to ride a bicycle but they did not participate in competitive cycling events. All children practiced maximal cycling on three separate days prior to experimental data collection (Martin et al., 2000a) . Participants provided written consent. For children, parents also provided written assent. The procedures used in this study were approved by the Institutional Review Board of the University of Utah.
Procedure
Before the maximal cycling test, participants performed a 5 min cycling warm up at self-selected cadence and intensity. Participants then performed a 3 s maximal cycling bout on an isokinetic cycle ergometer. To ensure that motion-dependent forces would not be confounded by differences in movement speed, we set the pedaling rate to 115 r.p.m. Participants were instructed to pedal as powerfully as they could, and verbal encouragement was given during the exercise bout.
Instrumentation and data treatment
A Monark (Vansbro, Sweden) cycle ergometer frame and flywheel were used to construct an isokinetic ergometer. Seat height was set at 108.5% of leg length for all participants as used previously (Martin et al., 2000b) . Several handlebar and stem combinations were used to allow each individual to have a comfortable hand position. The crank length was 170 mm for all participants. We deliberately used the same crank length for all participants as it was our goal to achieve similar non-muscular power contributions during the cycling motion. By keeping crank length the same, we achieved relatively similar linear centre of mass positions and velocities which are related to the non-muscular (i.e. gravitational and velocity-dependent) pedal power contributions. Moreover, we have previously demonstrated that maximum power production in children is independent of crank length (Martin et al., 2002) . The flywheel was driven by a 3750 W direct current motor (Baldor Electric Company model CDP3605, Fort Smith, AR, USA) via pulleys and a belt. The motor was controlled by a speed controller equipped with regenerative braking capability (Minarik model RG5500U, Glendale, CA, USA). When a participant applied power to the ergometer, the motor acted as a generator and the generated current was dissipated by a resistor and heat sink built into the speed controller. The controller could, therefore, maintain a specified pedaling rate while resisting power outputs of up to 3750 W.
The right pedal was equipped with two 3-component piezoelectric force transducers (Kistler 9251: Kistler USA, Amherst, NY, USA), and the right pedal and crank were equipped with digital position sensors (Vishay Spectrol 601-1045: Malvern, PA, USA). Normal and tangential pedal forces and pedal and crank positions were recorded for 3 s at a frequency of 240 Hz using Bioware software (Kistler USA). The normal and tangential pedal forces were resolved into vertical and horizontal components using the pedal and crank position data.
The position of the pedal and the anterior superior iliac spine were recorded at a frame rate of 120 Hz with a 2-camera motion capture system (DMAS6, Spica Technology Corporation, Kihei, HI, USA). Motion capture data were linearly resampled to 240 Hz and synchronized with the force pedal data by matching the position of the pedal spindle, indicated by the motion capture system, with that indicated by the crank position sensor. Force and position data were filtered using a fourth-order zero phase-shift Butterworth low-pass filter with a cut-off frequency of 8 Hz.
Derivation of dependent variables
The joint powers at the hip, knee and ankle joints was derived using standard inverse dynamics techniques. The process of inverse dynamics has been described in detail by Hull and Jorge (Hull and Jorge, 1985) . Briefly, the crank, foot, leg and thigh segments were modeled as rigid segments. The position of the hip joint was inferred from the position of the right anterior superior iliac spine, assuming a constant offset that was measured in a static condition (Neptune and Hull, 1995) . The location of the ankle joint was determined by the angular orientation of the crank and pedal, by the length from the pedal spindle to the lateral malleolus, and by assuming the position of the lateral malleolus relative to the pedal surface was fixed throughout the pedal cycle (Hull and Jorge, 1985) . Once the location of the hip and ankle joints as well as the length of the thigh and leg segments were known, the positions of the knee joint center were determined using the law of cosines. Relative angles between segments were calculated using these joint positions and the segment lengths. Linear and angular velocities and accelerations of the limb segments were determined by finite differentiation of position data with respect to time. Using these geometrically determined kinematics together with pedal forces, we determined the joint moments at the ankle, knee and hip joints. We multiplied these moments by the corresponding joint angular velocities to obtain joint powers. The hip transfer power was calculated as the dot product of hip joint reaction force and linear velocity (Broker and Gregor, 1994) . Segmental mass proportions, centre of mass locations and radii of gyration were estimated from anthropometric tables in the literature. For adults, we used the regression equations presented by de Leva (de Leva, 1996) . For children, we used the data provided by Jensen (Jensen, 1989) , as these take developmental changes in relative anthropometric characteristics into account.
For all participants we derived power profiles which were representative of all complete revolutions within the exercise bout. Thus, some data which represented portions of the cycle before top dead center of the first revolution and after top dead center on the final revolution were not included in the calculations. We then calculated averages for each power term (pedal and joints) using 6 deg. increments of crank angle.
Pedal power was defined as the dot product of pedal force and pedal linear velocity. For each participant mean pedal power was calculated as the average pedal power over the corresponding pedal power profile. Hip, knee and ankle joint powers were averaged over the corresponding joint power profiles. Peak hip, knee and ankle power were defined as the maximum of the corresponding joint power profile.
Muscular pedal power was calculated by adding the muscular joint powers (ankle, knee, hip and hip transfer) at each point. The hip transfer power was included in this calculation to account for muscular power that resulted in linear motion of the hip (i.e. not angular motion of the joints of the lower limb). Non-muscular pedal power was calculated by subtracting the muscular pedal power from the total pedal power at each point. Joint powers as well as muscular and non-muscular pedal powers were normalized by mean pedal power to allow for meaningful comparisons between children and adults.
Statistical analysis
To test the hypothesis that relative non-muscular pedal power is similar in children and adults, we performed a multivariate analysis of variance (MANOVA) with age being the between-subject factor. Dependent variables were normalized maximum and minimum nonmuscular pedal power as well as normalized mean positive nonmuscular pedal power. As the non-muscular pedal power averaged over the cycle is zero, it was not necessary to consider the mean negative non-muscular pedal power, as the statistical effects are identical to those observed for positive non-muscular pedal power (see Fig.1 ).
To test the hypothesis that relative mean joint power contributions are similar in children to those in adults, we performed an ageϫjoint ANOVA with repeated measures. Here, we tested for an ageϫjoint interaction. To test the hypothesis that relative peak joint powers would be similar in adults and children, an ageϫjoint ANOVA was performed on relative peak joint power. We tested for a main effect for age and an ageϫjoint interaction.
When the sphericity assumption of an ANOVA was violated (Huynh-Feldt's ε<0.75), the multivariate method (Wilks' lambda) was used (Schutz and Gessaroli, 1987) . In the case of Huynh-Feldt's ε>0.75, the univariate method with adjusted degrees of freedom was used. If an ageϫjoint interaction was significant, follow up t-tests (Bonferroni) were performed at each joint. Statistical significance was accepted at P<0.05. In addition, we used effect sizes (ES) to describe pairwise comparisons.
RESULTS
Mean power delivered to the right pedal was 139±26 and 402±148W for children and adults, respectively (suggesting total power from both legs was approximately 278 and 804 W for children and adults, respectively).
Relative non-muscular pedal power was similar in children and adults (Figs 1 and 2) . The MANOVA on relative maximum and minimum non-muscular pedal powers as well as mean positive nonmuscular pedal power did not reveal any significant differences between the age groups (Wilks' λ=0.755, F 3,20 =2.17, P=0.124). All effect sizes describing the differences between children and adults were small (0.09<ES<0.38).
Children constructed the power delivered to the pedal differently from adults, as the ageϫjoint interaction for relative mean joint power was significant (Wilks' λ=0.661, F 2,21 =5.37, P=0.013). Posthoc t-tests revealed that the relative power contribution of the ankle joint was significantly smaller in children than that in adults (t 21 =-3.61, P=0.002, ES=-1.45), whereas relative power produced at the knee and hip did not differ between age groups (t 21 =1.21, P=0.241, ES=0.49, and t 21 =0.05, P=0.964, ES=0.02, for the knee and hip joint, respectively; see Figs 3 and 4).
Regarding relative peak joint power, the main effect for age was significant (F 21,1 =10.47, P=0.004). Interestingly, children's relative peak power was greater than that of adults. Although the ageϫjoint interaction for relative peak joint power was statistically nonsignificant (F 2,44 =1.45, P=0.246), the effect sizes revealed a joint dependence of the age effect. Whilst the age group difference in relative peak power at the ankle was small (ES=-0.20), this difference was large and reversed at the knee and hip joints (knee: ES=1.07, hip: ES=0.56), indicating that children produced greater relative peak power only at the knee and hip joints (see Fig. 5 ).
DISCUSSION
Our first purpose for conducting this study was to compare nonmuscular pedal power profiles between children and adults during maximal cycling. In conformity with our first hypothesis, we found normalized non-muscular pedal power profiles were similar in children and adults. Non-muscular pedal power is dependent on the anthropometry of the performer. Given that children possess different anthropometric characteristics from adults, non-muscular forces are different in children, and muscular adjustments are necessary to account for these changes when children pedal at a prescribed submaximal power output (Brown and Jensen, 2003; Brown and Jensen, 2006; Korff and Jensen, 2008) . These results add to our knowledge by demonstrating that this is not the case during maximal cycling.
Martin and colleagues demonstrated that muscular power is similar over a wide age range when normalized by lean thigh volume (Martin et al., 2000b) . Our results expand on these findings by demonstrating that, relative to average pedal power for a full revolution, non-muscular pedal power during maximal isokinetic cycling is independent of the anthropometry of the performer. They thereby suggest that, when cycling at maximum power, children construct the task in a way to appropriately account for their unique anthropometric characteristics. Thus, in a developmental context, maximal cycling can be considered as a self-scaling task that is not confounded by age-related differences in the anthropometry of the performer. As a result, age-related differences in muscular power production during maximal cycling can be truly attributed to features of the neuromotor system. The second purpose of this study was to test the assumption that, during maximum cycling, children use similar coordination patterns in terms of muscular power production to those used by adults. Contrary to our hypothesis, we found age-related differences in the relative distribution of joint powers and in relative peak joint power production. Interestingly, the relative peak joint powers were greater in children than in adults. Joint powers are related to muscle strength, which increases with increasing age (Blimkie, 1989) . Therefore, one might have expected that age-related differences in overall maximum power production could be due to the children's lack of ability to produce power at the individual joints of the lower limbs. This speculation is substantiated by findings from Korff and Jensen, who showed that during submaximal cycling children's relative maximum power at the hip joint was less than that of adults (Korff and Jensen, 2007) . Our findings contradict this speculation as during our maximum cycling task children produced greater relative peak joint powers at both the knee and the hip joint. They thereby suggest that factors other than increases in muscle strength contribute to age-related differences in overall maximum power production during multi-joint tasks.
Previous research has shown that during multi-joint tasks not all age-related differences in peak power can be explained by differences in muscle mass (Davies and Young, 1984; Doré et al., 2000; Ferretti et al., 1994) . During cycling, the timing and magnitude of muscle activation have to be coordinated appropriately to allow an efficient energy transfer from the muscles through the segments to the pedal (Raasch et al., 1997; Neptune and Kautz, 2001) . Van Praagh and Doré speculated that the ability to coordinate synergistic and antagonistic muscle groups in a timely fashion could contribute to age-related differences in maximum power production . This speculation is supported the finding by Korff and Jensen that children demonstrated weaker intermuscular synergies in terms of segmental energy transfer between the synergistic muscle groups of the lower limb during submaximal cycling (Korff and Jensen, 2007) .
Here we employed a maximum cycling protocol. We found agerelated differences in the distribution of the individual joint power contributions to total pedal power. In children, the relative contribution of ankle power to pedal power was only half that of adults. Children compensated by producing more power mainly at the knee joint (although this difference was statistically nonsignificant). These results substantiate the speculation that age-T. Korff, E. L. Hunter and J. C. Martin . Age-related differences in the relative peak joint powers. The main effect for age was significant whilst the ageϫjoint interaction was nonsignificant. The effect sizes describing the difference between children and adults were -0.20, 1.07 and 0.56 for the ankle, knee and hip joints, respectively. related differences in maximum power production are partly due to differences in intermuscular coordination, such as muscle timings or the transfer of segmental energy between synergistic muscle groups (Fregly and Zajac, 1996; Korff and Jensen, 2007) . One limitation to this speculation is that in this study we did not take individual muscle contributions into account. A second limitation to this speculation is the cross-sectional design of this study. Longitudinal and intervention studies should be designed to specifically determine the contribution of neural factors to the development of maximum power during childhood.
Our normalized joint power data indicated that relative mean and peak joint power were similar or larger at the hip compared with those at the knee and ankle (Fig. 3) . These patterns contrast with patterns typically reported for submaximal cycling in which hip power is less than knee power (e.g. Ericson, 1986) . However, these results agree well with data recently published by Martin and Brown (J.C.M. and N. A. Brown, 2009 ) who reported that hip power was the greatest contributor to maximal cycling power in trained cyclists. These differences are likely to be due to the different demands imposed on the performer during maximum cycling where (in contrast to submaximal cycling) all motor units (and thus all muscle mass) capable of propelling the pedals must be recruited. Our data support the findings of Martin and Brown (J.C.M. and N. A. Brown, 2009 ) and extend them to include adults and children with less cycling experience. They thereby suggest that during maximum cycling (compared with submaximal cycling) children recruit appropriate additional muscle groups, which add power to the pedal. This finding supports the notion of maximum cycling being a developmental self-scaling task.
A final consideration of this study is the employment of an isokinetic cycling task. When investigating age-related changes in maximal cycling, various methods have been used. These include the isokinetic method and the inertial load method (for a review, see van Praagh and Doré, 2000) . In contrast to the inertial method, the cycling cadence is prescribed when employing the isokinetic method. The goal of the present study was to create a task that elicits similar relative non-muscular power contributions between participants with different anthropometric characteristics. As nonmuscular forces are influenced by movement speed, we employed an isokinetic protocol to control the cycling cadence. When employing the isokinetic method one has to be mindful of a potential interaction between different populations, maximum power and the cadence at which maximum power is produced (optimal cadence). In a developmental context, the literature is consistent in reporting that age has little or no influence on the optimal cadence during maximum power cycling Martin et al., 2000; Sargeant and Dolan, 1986) . We therefore believe our methods were appropriate for the question under study and that our methods provide valid results.
In summary, our results further the understanding of the mechanisms underlying the development of maximum power production. They demonstrate that, in a developmental context, maximal cycling is a self-scaling task during which children account appropriately for their unique anthropometrics. Thus, age-related differences in muscular power production during maximum cycling are not confounded by anthropometry-driven changes in nonmuscular forces. Our results let us speculate that, during multi-joint tasks, intermuscular coordination contributes to children's performance limits during maximum power cycling.
